ABSTRACT Aims/Introduction: The present study aimed to investigate the effects of low-intensity resistance training with slow movement and tonic force generation (LST) on muscular function and glucose metabolism in older patients with type 2 diabetes. Materials and Methods: A total of 10 patients with type 2 diabetes (age 68.2 -9.7 years) engaged in LST training twice a week for 16 weeks. Before the long-term intervention, they were subjected to the measurement of acute changes in blood factors relating to glycemic control as a result of a bout of LST. Body composition, muscular size and strength, and glycated hemoglobin were measured before and after the intervention. Results: The magnitudes of the acute changes in the blood factors were all small and were not considered harmful for glucose metabolism. The 16-week LST training caused significant increases in thigh muscle thickness and strength, and decreases in body fat mass and glycated hemoglobin. The change in glycated hemoglobin showed a significant negative correlation with the change in the isokinetic knee extension peak torque measured at a high angular velocity (180°/s). Conclusions: The LST training was shown to be effective for gaining muscular size and strength, and improving glycemic control in older patients with type 2 diabetes. The mechanisms underlying this effect might involve the improvement of contractile function in fast glycolytic fibers.
INTRODUCTION
Aerobic exercise training has generally been used as exercise therapy of type 2 diabetes patients. Recently, however, resistance training (RT) has been found to be as effective for improving glycemic control. The American Diabetes Association recommends that patients with diabetes carry out ≥150 min of moderate-to-vigorous intensity aerobic exercise per week, as well as two to three sessions/week of RT 1 . Furthermore, a recent meta-analysis concluded that RT improves glycemic control 2 . Although its exact mechanism remains unclear, it has been suggested that increases in muscle mass and glucose transporter content (GLUT4) lead to an increase in the capacity of glucose uptake 3, 4 .
In general, RT at middle-to-high intensity (-80% one-repetition maximum [1RM]) has been regarded as optimal for gaining muscular size and strength, whereas RT at intensities <65% 1RM has been considered far less effective 5 . For patients with type 2 diabetes, previous studies showed that RT at middle-tohigh intensity significantly improved glycemic control and insulin resistance 6, 7 , whereas low-intensity RT (40-50% 1RM) was not effective 8 . However, RT at -80% 1RM has strong, acute effects on systolic blood pressure, sympathetic nerve function and endocrine activities related to glycemic control 9 . Given the additional risks for orthopedic injury, RT at middle-to-high intensity might not be appropriate for all, particularly older patients with type 2 diabetes.
Low-intensity resistance training with slow movement and tonic force generation (LST) was found to be effective for gaining muscular size and strength in young untrained men, even at an intensity lower than -50% 1RM study showed that LST led to significant increases in muscle size and strength in healthy older participants 12, 13 . Based on studies with young participants, the mechanism underlying the muscle-hypertrophic effect of LST has been thought to involve the lowered intramuscular oxygenation by sustained tension, the subsequent changes in muscle fiber recruitment and the local accumulation of metabolic products 10, 11 . If the same mechanism operates, LST would cause hypertrophy in fast glycolytic muscle fibers, thereby effectively promoting the glucose metabolism. Actually, a recent study showed that LST improved glucose and lipid metabolisms in obese patients with type 2 diabetes 14 . However, the association between changes in muscular function and the improvement of glycemic control induced by LST has not been clarified.
In the present study, we investigated both the acute and the long-term (16 weeks) effects of LST on glucose metabolism in older patients with type 2 diabetes to obtain an insight into the mechanism underlying the effects of LST on glucose metabolism.
METHODS

Participants and study design
From the outpatients with treated (diet and medication) type 2 diabetes at the Kitasato Institute Hospital (Tokyo, Japan), 15 eligible patients (estimated number for adequate intervention study at the hospital) aged 55-80 years were recruited by posters. They were sedentary (persons inexperienced in RT) and their glycated hemoglobin (HbA1c) range was 6.5-8.0%. Their participation in this study was regarded as appropriate at the discretion of the attending physician. Patients with severe osteoarthritis, history of stroke in the past 3 months, coronary artery disease in the past 1 year or an increase in blood creatine phosphokinase level in the past 1 year were excluded. Eventually, 10 patients (mean age 68.2 -9.7 years; 50% women) participated in the period from May 2012 to December 2013. Written informed consent was obtained from each patient, and the protocol of this study was approved by the institutional review board of the Kitasato Institute Hospital (Study No. 11059) and registered by University Hospital Medical Information Network Clinical Trials Registry (UMIN000020249). The study was carried out in accordance with the Declaration of Helsinki.
The study was a 16-week clinical trial including acute study in the initial period. The participants carried out LST exercises twice a week using the fitness facility of the Diabetes Center at the Kitasato Institute Hospital, in addition to receiving their usual care during the 16 weeks (2-week preparation and 14-week intervention). Figure 1 is a schematic representation of the study protocol.
In the initial study protocol, we planned to set a control group with the same number of patients who are subjected to standard treatment without LST exercise using a random assignment method. However, it could not be carried out, because we could not obtain participation agreements from patients assigned to the control group. Therefore, the study design was changed to the single group intervention test without a control group.
Among participants in the acute study, one woman withdrew from the long-term study at the early stage of the 16-week intervention period for financial reasons. Therefore, the data of 10 participants were used for the analysis of the acute study, and the data from nine participants (mean age 69.8 -8.8 years; 5 men and 4 women) who completed the 16-week intervention were used for the analysis of the long-term study. For one of the participants in the long-term study, we could not obtain the body composition data after the 16-week intervention (i.e., post-data). The missing body composition data of this participant were compensated for by analyzing the baseline data (baseline observation carried forward analysis).
Exercise training
The participants completed a 16-week LST program consisting of three resistance exercises using bodyweight; that is, squats, scissor squats (squats with an open stance) and crunches (trunk flexion), twice a week under the instruction of skilled physiotherapists. The resistance exercise was based on the LST method; that is, slow movement and tonic force generation (3 s for concentric, 3 s for eccentric and 1 s for isometric actions with no rest between each repetition). For each exercise, they carried out two to three sets with the repetition maximum (RM: 8-15 repetitions), until which they could continue exercise movement at the proper speed and range of motion. Although the exercise volume in a session was finely adjusted to the physical condition on the day of exercise, it was basically unchanged in each participant throughout the intervention. The rest periods between sets and exercises were 1 min and 2 min, respectively. A 5-min walk on a treadmill, and stretching for trunk and lower extremities were also carried out before and after the LST exercises.
Acute study LST has been shown to give rise to acute increases in blood lactate, growth hormone and cortisol concentrations 10, 15 . These responses might not only be related to the chronic adaptation of muscle, but also affect the glucose metabolism in diabetes patients. Thus, to see whether the present LST program is associated with any undesirable effect on older diabetes patients, we investigated acute changes in blood factors after a bout of exercise at the time between the fourth and eighth training sessions during the 16-week intervention period. Two experiment protocols (protocols 1 and 2) separated by >2 days were carried out randomly.
Protocol 1
All participants were instructed to fast, except for drinking water, during the 10 h before the experiment to minimize any acute influences of nutritional status. After arriving at the fitness facility (08.30 hours), they were allowed to rest on a chair for 30 min, and at 09.00 hours, blood lactate concentration was measured, and venous blood samples were taken for the measurements of fasting plasma glucose and hormone concentrations (serum insulin, growth hormone, and cortisol, plasma adrenaline and noradrenaline). Next, the participants carried out LST for approximately 15 min (14-16 min), and blood samples were taken immediately, and 15 min and 30 min afterwards. Blood lactate concentration was measured using an enzymatic method (Lactate Pro; Arkray Inc., Kyoto, Japan). Serum and plasma samples were stored at 4°C and -20°C, respectively. Concentrations of growth hormone, cortisol, insulin, adrenaline and noradrenaline were determined using conventional methods.
Protocol 2
The participants were subjected to the same procedure as in protocol 1, but took rest for 15 min in place of doing LST.
Long-term study Body composition and muscle thickness Bodyweight, fat mass and lean body mass were measured with dual-energy X-ray absorptiometry using a DPX-L densitometer (iDXA; GE Healthcare Japan Inc., Tokyo, Japan). The muscle thickness of the front portion of the right thigh was measured using B-mode ultrasound imaging. While the participants were standing, the midpoint between the lateral epicondyle of the femur and the greater trochanter was determined and marked as the measurement point. Transverse images were obtained using a real-time liner electronic scanner with a 7.5-MHz scanning head (SSD-500; Aloka Inc., Tokyo, Japan). The measurements were taken three times, and the mean values from the three measurements were used for analysis. The intraclass correlation coefficient and the mean coefficient of variance for the repeated measurements were 0.986 and 1.6%, respectively.
Lower limb muscle strength Knee extension and flexion strengths were measured with an isokinetic dynamometer (Cybex2010; Medica Co. Ltd., Fukuoka, Japan). The isokinetic peak torques for both knee extension 85 outpatients with treated type 2 diabetes were assessed for eligibility 46 outpatients with treated type 2 diabetes 10 outpatients with treated type 2 diabetes who gave signed informed consent to participate in this study
Baseline measurement (n = 10)
16-weeks LST training (long-term study)
2-weeks preparation Acute study
One woman withdrew from the long-term study for economic reasons.
Evaluation of effects of LST training (n = 9)
14-weeks intervention and flexion were measured at an angular velocity of 60°/s and 180°/s. The measurement at each angular velocity was taken for three reciprocal motions of knee extension and flexion with the range of knee angle between 135°and 0°. After conditioning trials at submaximal effort, the measurement at maximal effort was taken at each angular velocity, first at 60°/s and then at 180°/s, with a 30-s rest period. The mean values for both the right and left legs at each angular velocity were used for analyses. In addition, the maximum strength for leg press was also measured with a pneumatic leg press machine (Cybex; Proavance Inc., Tokyo, Japan). The maximum strength was evaluated by using "3RM strength"; that is, the maximal weight that can be lifted three times per set.
Blood examination
Venous blood samples were taken after a 10-h overnight fast. The primary objective was to evaluate the changes in HbA1c level from the original level at the end of the 16-week intervention period. The secondary variables to measure included fasting plasma glucose and the lipid levels (total cholesterol, triglycerides, high-density lipoprotein cholesterol and low-density lipoprotein cholesterol calculated using the Friedewald equation 16 ). For HbA1c, the changes during the 16-week period before the 16-week intervention period were used as an internal control for the same participant.
Nutritional information A 3-day food record was obtained to assess changes in nutrient intake. All nutritional information obtained from the food records was analyzed using the Foodworks nutrient analysis software program (Excel Eiyou-kun; Kenpakusha, Tokyo, Japan).
Statistical analysis
All values are expressed as mean -standard deviation. To assess the acute effect of LST, a two-way analysis of variance (ANOVA) with repeated measures followed by post-hoc analysis (Bonferroni's test) was used to examine the effects of occasion and time, and their interaction in all variables after a single bout of LST exercise or rest. To assess the long-term effect of LST, the Wilcoxon signed-rank test was applied to evaluate changes in all variables. For all statistical tests, P < 0.05 was considered significant. The P-value was reported with an effect size of d.
RESULTS
Baseline characteristics
Baseline physical and clinical characteristics of the participants are summarized in Table 1 . Because one woman dropped out during the long-term study, the data of 10 participants were used for the analysis of the acute study and the data of nine participants were used for the analysis of the long-term study.
Most participants (9/10) were taking oral hypoglycemic agents, and one of them was receiving additional insulin therapy. In addition, five and three participants were taking lipid-lowering drugs and antihypertensive agents, respectively. No participant increased the daily dose of hypoglycemic agents during the study period.
Acute study
The concentrations of fasting plasma glucose and hormones were measured at rest (pre), immediately after a single bout of exercise (post), and 15 min and 30 min after the exercise (post 15 min, post 30 min) with protocol 1 (exercise) and protocol 2 (control, i.e., rest in place of exercise).
For fasting plasma glucose, a two-way ANOVA showed no significant main effects of group or time, which were superseded by a significant interaction effect of group by time (P < 0.01). Fasting plasma glucose after exercise (128 -21 mg/dL at post, 130 -23 mg/dL at post 15 min and 131 -25 mg/dL at post 30 min) was significantly higher than at rest (125 -18 mg/dL; P < 0.05). In control trials, fasting plasma glucose after rest gradually decreased from 127 -23 mg/dL to 124 -22 mg/dL at post 30 min (P < 0.05). Even though these changes were statistically significant, the magnitudes of change were far smaller than what would be considered problematic.
The concentration of serum insulin showed no significant main effect of group, a significant main effect of time (P < 0.05), and no significant interaction effect of group by time. LST exercise caused slight, but significant, increases in the concentration of serum insulin, from 6.1 -2.1 lIU/mL at rest to 8.1 -3.4 lIU/mL (P < 0.01) at post 15 min. The concentrations of blood lactate and plasma noradrenaline showed significant main effects of group (P < 0.01) and time (P < 0.01), and also significant interaction effects of group by time (P < 0.01). LST exercise caused significant increases in the concentrations of blood lactate and plasma noradrenaline from rest to the peaks at post (from 1.2 -0.3 mmol/L to 4.4 -2.0 mmol/L, and from 514 -210 pg/mL to 824 -433 pg/mL, respectively, P < 0.01). In the control group, blood lactate and plasma noradrenaline did not show significant changes throughout the protocol. The magnitudes of change in lactate and noradrenaline after LST exercise were similar to those reported for healthy older participants in the previous study 12 . No significant differences were seen in the concentrations of serum growth hormone, plasma adrenaline, and cortisol between the LST exercise and control trials.
Long-term study
Changes in body composition and muscle size and strength After the 16-week intervention of LST training, bodyweight, body fat mass and body fat percentage decreased significantly, whereas body mass index tended to decrease. Muscle thickness of the front portion of the thigh increased significantly. Both the ratio of total lean body mass to bodyweight and the ratio of lean body mass of trunk to bodyweight increased significantly. With regard to muscle strength, all of the related parameters measured increased significantly (Table 2) .
Changes in HbA1c, glucose and lipid levels After the 16-week intervention of LST training, HbA1c tended to decrease from 7.06 -0.46% to 6.82 -0.41% (P = 0.07; Table 2 ). For internal control, the mean value of HbA1c in the same nine participants did not change during the period of 16 weeks before the intervention (6.90 -0.71 to 7.06 -0.46; P = 0.31).
A close examination of the change in each participant showed that the value increased markedly in only one participant, mainly as a result of environmental changes (see Discussion), but decreased in all of the remaining eight participants (Figure 2) . When the values from this participant were withdrawn, the mean HbA1c significantly decreased after the intervention period (7.11 -0.46 to 6.80 -0.43; P < 0.05).
No significant changes were seen in fasting plasma glucose (Table 2 ) and lipid levels (Table S1 ).
Relationships between changes in HbA1c and muscle strength A significant correlation was found between the change in HbA1c and the change in the isokinetic knee extension peak torque at the angular velocity of 180°/s (Figure 3a) . In contrast, no such association was found between the change in HbA1c and the change in the isokinetic knee extension peak torque at the angular velocity of 60°/s (Figure 3b ). In the isokinetic knee flexion peak torque, such an association with the change in HbA1c was found at the angular velocity of neither 180°/s nor 60°/s.
DISCUSSION
The present study on acute effects showed that LST caused increases in the concentrations of plasma glucose, serum insulin and plasma noradrenaline, suggesting that LST causes secretion of noradrenaline through sympathetic activation, and there is a subsequent increase in blood glucose and secretion of insulin. These changes are physiologically normal responses to resistance exercise, and the magnitude of changes would not be harmful for glucose metabolism 15 . To our knowledge, this is the first study to show the acute effect of LST on glucose metabolism in older patients with type 2 diabetes. Based on these results, it was confirmed that the present LST program causes no undesirable, acute effects on glycemic control in older patients with type 2 diabetes.
In addition, the present results showed a significant increase in blood lactate after LST, and the magnitude of increase was comparable with that reported for LST with healthy, older adults 12 . Because lactate is mainly produced by fast-twitch muscle fibers 17 with faster contraction speed and higher glycolytic activity than slow-twitch muscle fibers
18
, this LST program is expected to recruit a considerable number of the fast glycolytic muscle fibers.
After the 16-week intervention with the LST program, HbA1c was significantly decreased in the remaining eight participants, excluding one who was judged as having a problem (7.11 -0.46 to 6.80 -0.43; P < 0.05), though it tended to decrease in all nine participants (7.06 -0.46 to 6.82 -0.41; P = 0.07). The participant was only one who showed an increase of HbA1c after the intervention, probably due to a large change in the daily nutrient condition (a hospitalization of his wife during the intervention). The participant's daily energy intake increased by 12.4% at the end of the intervention period, and this change was the largest among the participants.
A recent study showed that a 12-week intervention with a training program similar to the present one gave rise to a significant decrease in HbA1c in obese patients with type 2 diabetes (8.6 -2.4 to 7.2 -1.2; P = 0.001) 14 . In contrast, we failed to show a marked decrease in HbA1c. One of the possible reasons for this discrepancy would be the difference in the initial HbA1c level; that is, 8.6% versus 7.1%. According to a recent meta-analysis, a larger effect size was observed in studies of participants with diabetes with a high baseline HbA1c (≥7.5% vs <7.5%; P = 0.01) 19 . The present study showed a significant negative correlation between the change in HbA1c and the change in the isokinetic knee extension peak torque at a high angular velocity (180°/s). As changes in muscular strength at high velocity might readily reflect functional changes in fast motor units, this suggests that the improvement of contractile function in fast-twitch fibers relates to the improvement of glycemic control. It is plausible that hypertrophy and/or preferred recruitment of fast-twitch fibers with higher glycolytic activity led to an increase in the capacity of glucose uptake from blood 18 . The reason why no such association was found between the change in HbA1c and the change in the isokinetic knee flexion peak torque at the angular velocity of 180°/s might be that the knee flexor muscle contains a smaller percentage of fast fibers than does extensor muscle 20 . However, the "size principle" for motor unit recruitment 21 predicts that low-intensity RT preferentially recruits small motor units with slow-twitch fibers. As fast-twitch fibers have a larger capacity for hypertrophy than slow-twitch fibers, lowintensity RT has been considered less effective for muscle hypertrophy than high-intensity RT that readily causes the recruitment of large motor units with fast-twitch fibers 5 . By contrast, recent studies have shown that low-intensity RT is also highly effective to gain muscle size and strength when either mechanical impulse (force 9 time) or exercise volume (force 9 repetition) is sufficiently large 10, 22 . Although the mechanisms underlying such effects of low-intensity RT remain unclear, it has been speculated that particular mechanical conditions, such as prolonged exertion of small force with slow movement, facilitates the additional recruitment of fast-twitch fibers through muscular fatigue 23, 24 . In the present study, a bout of LST training caused a significant increase in blood lactate, suggesting the recruitment of fast-twitch fibers during the exercise. After the period of training, a significant correlation was found between the strength gain measured at fast movement and the decrease in HbA1c. These suggest that the mechanisms underlying the effect of LST on glycemic control involve hypertrophy and/or improved contractile function of fast-twitch fibers. In addition, a greater decrease in HbA1c was found in relatively young participants, probably due to the aging-related decrease in the relative number of fast-twitch fibers 25 . There were several limitations to interpreting the present effects of LST training. First, the absence of an untrained control group for measurement other than HbA1c weakens the evidence for the effects of long-term intervention of LST. Therefore, further study with randomized controlled trials is to be carried out with a sufficiently large sample size. Second, despite the increase in muscle size (i.e., muscle thickness) after the intervention of LST training, the change in muscle size did not show a significant correlation with the change in HbA1c, as did muscle strength. This is probably because muscle strength is also related to neural factors; that is, the ability to recruit motor units, in addition to muscle size 26 . It has been shown that, in older people, the contribution of neural factors predominates that of muscular size in strength gain after RT 27 . Thus, muscular strength reflecting both neural factors and muscle size might show a clearer association with the change in HbA1c than does muscle size alone. Alternatively, the gain in muscle strength might directly affect the daily life of the participants so as to make them more active.
In conclusion, the 16-week LST training might be effective for improving glycemic control in older patients with type 2 diabetes. The mechanisms underlying this effect involve the improvement of contractile function in fast glycolytic fibers. Owing to its low exercise intensity, it should be useful as a countermeasure against diabetes in older patients, particularly those associated with sarcopenia.
